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Changing the Particle Energy
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Changing the

raricie Energy —— \Ny Accelerate Particles?

F. Sannibale

In both the relativistic and non-relativistic case “accelerating”
a particle means to modify (increase) its energy.

In most of accelerator applications the particle energy
IS one of the fundamental design parameter and tuning knob:

* In colliders tuning the c.m. energy on resonance allows
to create new particles

 In light sources the energy defines the spectrum of the
emitted radiation

* The energy defines the penetration depth of a particle
Inside materials (cancer therapy, ...)

In relativistic particles storage rings the energy losses need

to be restored in order to keep the particles stored.
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Chqnging the ) ' nY]
particie Energy oy to Accelerate Particles?

F. Sannibale Q)

High-enargy Proton
° 3

D

Neutral particles can be accelerated by: 2
scattering, ‘spallation’

Praton Baam

Moutron

Charged particles: Electric fields mainly.

Much more efficient and much more controllable

Large number of schemes and techniques used to
generate the required electric fields.
Continuous R&D going on
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Chgnging the : . | nY]
Particle Energy EleCtrOmagnetIC Flelds

F. Sannibale ) |

Maxwell Equations in vacuum (Sl Units — differential form):

|:| [E — ﬁ Coulomb’s or Gauss' law for electricity
EO

A A

D x E : - Faraday’s IaW James Clmrk'ﬂaxw;ll
o —
Time variable

magnetic fields

D [B — O Gauss’ law for magnetism are a|WaVS
a associated with
electric fields
Ampere’s law (and vice VerSa)
4
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Changing the

Particle Energy Lorentz EquatIOﬂ

F. Sannibale

B fields can change the trajectory of a particle
But cannot do work and thus change its energy
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Changing the

paricie Energy — El@ctric Fleld Representation

F. Sannibale

Plane wave representation:

We will use in our calculations this representation.
Such a representation is quite general.
In fact, arbitrary electric fields can be represented as:

E - niﬁmei(”%t-k5> E - —\/;ﬂ Jat(@es
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Changing the

Particle Energy FI"O m DC to ....

F. Sannibale

«/211=0 Electrostatic Accelerators

w/21=10-10°> Hz Induction, Betatrons

— Present dominant technology

—1Nn6 _1nl1 Radio Frequency (RF)
w/2ﬂ~ 10° -10" Hz accelerators

w/2r=10% -10" Hz Laser ponderomotive accel.

~
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Changing the Electrostatic Accelerators:

Particle Energy

F. Sannibale The S|mp|eSt SCheme

V=0 B
Focusing _—ﬁh O
Iﬁi'f;fi i | V = 10000V
=) Anode
0% ® o
—
— W V Cathode i
— =
E q Vi |
+ ~— .| Diode Pierce
H v Geometry
VHV

Still one of the most used schemes for electron sources

Y
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Particle Energy

changngthe  Electrostatic Accelerators: IS%]

msamibdle  Tha Cockcroft-Walton Scheme ),

Vour =2 VoNegi s

@:HLF g\{# H_f\:.\;:.?”‘

CASCADE GENERATOR (1914)

FERMILAB

James Cockcroft and Ernest Walton in
1932 accelerated protons to 800 keV
and produced fission of Lithium in
Helium (Nobel Prize 1951)

_ Still used as the first
P+ LI - 2He accelerator stage for protons
and ions 9
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Changing the Electrostatic Accelerators:

Particle Energy

F. Sannibale Th e Van d e G raaff

metal dome to 1
collect positive
-Ehar_rges

*The needle transmits the charge to
the belt by glow discharge and/or
ion source field emission
comb of needles- / . . . .
- *The electric field inside the sphere
IS zero permitting the passage of the
positive particles

acceieratedgown. . Charge from the belt to the sphere

from source =
: = . 5 I L i, _il;:':':' o # ) IIF _.-_.‘" 1;
& ™ T N

moving belt to
carry positive
charge to dome

++ [+ + + S+

"

comb of needles
10 kilavalts {j :

charge source = :

< l beam

insulator

*The maximum voltage is limited by
voltage breakdown. Inert gasses
(Freon, SF6) help.

7MV In 1933 — S T R T
~ 20 MV nowadays | o | B o
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Changing the Van de Graaff Accelerator:

Particle Energy

F. Sannibale Apphcatl()ns

Tandem Scheme

£

negative ions steel pressure tank

In the second stage the positive ions
(protons in our example) are
accelerated. The net energy gain is
twice the voltage of the Van de Graaff 11

S\ : gradient ringﬁ?_ :_ = 1 e
" - : M b ] charge excharige canal
*Negative ions (H™ for example) are | atar terminal TFri B gos intet
created and accelerated through the :I- | 2nd Stage
first stage - (B sccelerating tubs
*At the end of the first stage the charged belt -|+/2 W beam steering magnet
. , H+j2
electrons are ‘stripped’ out from the
ions (by a gas target for example) |t H-
+
= H
H
=+
&

positive ions

L
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crangngthe | QW Frequency Accelerators:

Particle Energy

F.samnibale  Induction Linacs & Betatrons

ion bearm

i

iron care Beam
_  dB
[IxE =—— N’TiTITTTI
at uct .
Linac | =1,sin(at)

a,‘/zn ~50+60 Hz “- First Induction Accelerators in ~ 1935

BETATRON Uacuurtkchamher (doughnut)

Coils

Filament

Deflector
arget

Betatron: ring for beta particles (electrons

chamber

Induction Accelerators allows for very high currents (~ 1kA) at
relatively moderate energies (few MeV)
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Changing the EM Fields in Free Space:

Particle Energy

F. Sannibale Th e Wave Eq U atl on

From Maxwell equations it is possible to derive for free space
electromagnetic waves:

Y 52 52 52 Laplacian:
E E E E . 2 a2 A2
DZEi: 2|_|_ 2|_|_ 2|::|'2 2| 1 =X,Y,Z Dzza +6 +0
0X oy 0z© ¢~ ot ox?  oy* 07°
For accelerating particles we need 1 92E
anon-zero field component in the mp [°E =- "
z direction (for example) c® ot

And we will look for a solution in the shape:

E, =E,,(x YA (g el )+ pfdlr ) seterd)
7 7

Forward wave Backward wave 13
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Changing the EM Fields in Free Space: Iq“’s

F.samibale  Solution In Cylindrical Coordinates Rl |

The typical RF accelerating structures present axial symmetry.
The natural coordinates for this case are the cylindrical coordinates.

02 1 0 1 62 +icot ikt 1 02E
°=— +E E,,(r,0)e"“e" +DZE:—_ z
or? rar r 692 OZ ? ¢? ot?

2 2
or r or r° 06 C
Again, because of the axial symmetry it is convenient to assume that
the azimuthal component of the field has periodicity n

0 2T

or> r or

Which has as general solution: 7
- 2 _ 2  cutoff
EOz =AJ, (kcl’)+ BY, (kcl’) where Ke _? K Wavenurrllfer
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Particle Energy

Char— EM Fields in Free Space: Iqj’s

msamiae \\gve Equation General Solution Rl

_[AJ kcr +B}><] +ing +|a1 +|kz

- n
X

E=J (kcr) COS(n H)l A (é'(cd—kz) + e—i(al—kz)) +A (é'(al+kz) + i@ )J

And analogously for the longitudinal component of the magnetic field:

B, =J,(k.rJcogng)C. (¢l +eil@ )+ (gl 4 grileal )

By using these expressions and the Maxwell curl equations it is
possible to derive similar expressions for E, , Eg , B,and By 15
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hanging th ' ' : Y]
Crmie EM Fields in Free Space: Iq“’s

F.samnibale Boundary Conditions & Classification J)

The general solution can now be applied to real geometries.

By imposing the values that the fields assume at the boundaries
(boundary conditions), the values of the constants in the general
solution can be evaluated and the solution for the specific
geometry is found.

It is useful to classify the possible solutions in the
following categories:

TMngn,n,
« TEM modes: where both the electric and ng: periodicity in 8
magnetic fields are in the transverse plane n, : periodicity in r
« TE modes: where the electric field is in n,: periodicity in z
the transverse plane
* TM modes: where the magnetic field is Iin Good for
the transverse plane Acceleration!ss
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Changing the EM Fields in Free Space:

Particle Energy

F. Sankel The Cutoff Freguency
From the definition of cutoff 12 :ﬁ—ké
wavenumber: c’

By defining: - =ck. Cutoff (angular) frequency

E, =3k )A €™
w> a). = k* >0= k isrea = the wave propagates

the wavedoes not propagate

w< . = k?> <0= k isimmaginary = .
and decreasesexponentially

@ = . = k = 0= the wavedoes not propagates and does not depend on z
17
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Particle Energy

Char— EM Fields in Free Space: IS%]

F el Pill Box Cavity Example QU L

/\ \ ™ Pill Box Boundary Conditions:
E,(r=a)=E,(r=a)=0

- modes
beam @ Er(zzO):Ee(zzO):O
E(z=L)=E,(z=L)=0
a
B j For example, for the TM,;, mode:

L OE™ [0z =0E™"™ /06 =0
EM=E ], (kC rJcodcat) k. =2405/a
(kcr) r{a&t) f. =a./2n1=2405¢/2na

Example f,=500MHz - a=2295mmr

BTM 010 —

18

Fundamental Accelerator Theory, Simulations and Measurement Lab — Arizona State University, Phoenix January 16-27, 2006



Particle Energy

cranang e Phase Velocity & Group Velocity: Iqj’s

F. Sannibale Definitions )|
E, =E, cos(at—kz) p=at—kz
d¢ adz 49 :
T =w-k=—=0 Vo =— Ph Vel t
~ o P K ase VeloClty
@ @ w C
VP —_— =
K

Jod @ Jod-@d wd

For propagating waves v, > C - No acceleration is possible!

Group Velocity w=cyk +k’

_dw _dw _ C
VG —& VG_ - - <C

de g+ 1k K

19

Fundamental Accelerator Theory, Simulations and Measurement Lab — Arizona State University, Phoenix January 16-27, 2006



Particle Energy

cranangne Phase Velocity & Group Velocity Iqj’s

7. Sannibae Physical Meaning Il
E, =E, cos(at - k7
v _G sc W IS the speed at which the phase propagates or at
"k which the wave propagates rigidly
Vg = d—a“<(; Vg IS the speed at which the energy propagates or
dk a variation of the wave envelope propagates

For example: wave beating.

cos|(e+Aalt - (k +2k)Z] +cos|(c.— Aa)t - (k —Ak)Z] = 2cod at —kz)codAat — k)

/ —

&
- " - - -
- =~ " al
f \ f A ACO dCb
' A |
bl Sk

X » e Ve
o VR , Tk *~ Ak dk
o o 20

Fundamental Accelerator Theory, Simulations and Measurement Lab — Arizona State University, Phoenix January 16-27, 2006



Changing the REF Accelerators:

Particle Energy

~seamiae \\jderoe and Alvarez Schemes

In 1925-28 Ising and Wideroe conceived the first linear accelerator (linac). The
revolutionary device was based on the drift tubes scheme.
During the decelerating half period of the RF, the beam is shielded inside the

Evacusted Glass Cybnder conductive tubes.
. lon ‘_ .
nurce;z_[+ll_][ % = = .. . 1
Source | . T = -' Synchronicity condition: L DEViTRF
S O — |

'.f;;\.l

:W B AecSye Taghaslogy g
At high frequency the Wideroe scheme becomes lossy due to electromagnetic

rad I at l on. Evacuated Metal Cylinder

In 1946 Alvarez overcame to the -
iInconvenient by including the Wideroe _Source
structure inside a large metallic tube
forming an efficient cavity where the @ Feee e ey
Source, e

) . 200 MHz RF
fields were confined. source from radars

The Alvarez structures are still widely used as pre-accelerator for protons and
lons. The particles at few hundred keV from a Cockcroft-Walton for example, are
accelerated to few hundred MeV. 21
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Changing the

Pariicie Energy A ccelerating Structure Evolution

F. Sannibale

Newer and more efficient RF structures were obtained by coupling together
many pillbox-like cavities.
o RF FOWER

VPARTI CLE

_‘_ _____

Ve

FESCEMT-SHATED " - WATER IIL. AYER TR ‘
5

By “loading” the cyIindricaI structure by disks v can be reduced down to
match the speed of the particle for an efficient acceleration

- Traveling wave, constant impedance: electric field decreases exponentially
with length. The irises have constant radius.

- Traveling wave, constant gradient: the electric field is constant along the
structure. The iris have decreasing radius.

- Standing wave: no wave propagation. The beam transit time in the cell must
be much smaller than the wave period for efficient acceleration

- Normal conductive or Super conductive
L-band ~ 1.5 GHz, S-band ~ 3 GHz, X-band ~ 11GHz, .... 22
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Changing the

Paricie Energy  Ey@rgy Gain in RE Structures

F. Sannibale

1-e’ Traveling Wave

Ean =|dyrLRV2 - COSP, Constant Impedance
- Traveling Wave
Eqn =|dyrLR V1-€™ cosg, Constant Gradient

MRF J
4v article . . Standin
Eqn =|dVRP aﬂp "9/ | For a cavity withlength L:% Waveg
RF
AV article Transit
Synchronism: time factor g, E*(r =0) = E, codeat)
VpaRTICLE /—\
TW: Ve SW: ¢e-0> o
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Changing the

Particle Energy Sca“ng W|th Frequen Cy

F. Sannibale

Choosing the RF frequency is a very critical step in designing an
accelerator. Several parameters depend in opposite way on the
frequency and the best match to the application will be a
frequency that trading between contrasting requirements:

PARAMETER Frequency | Frequency EK C.r LP
. IN s—To
Scaling Preference
Shunt impedance per unit length (r) w2 High Higher
Total RF peak power (P,) w 12 High frequencies
pushes to
Maximum possible electric field strength (empirical) w'/? High high energy
RF energy stored in the structure w 2 High applications
Peak beam current at maximum conversion efficiency w 12 Low Lower
Beam Loading (-dV/di) w 12 Low frequencies
pushes to
Maximum RF power available for single source W 2 Low high current
Diameter of beam aperture w! Low applications

The table is incomplete. For an exhaustive list see for example:
The Stanford Two-Mile Accelerator (Chapter 6), R.B. Neal Editor (1968). 24
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Changing the Large and Small

Particle Energy

F. Sannibale Linear Accelerators

« The combined development and optimization of the described RF structures
jointly to the development of powerful and efficient RF sources (klystrons),
permitted the ambitious design and construction of large and very high
energy linear accelerators.

 Above all, we want to mention the 3-km linear accelerator that started
operating in 1966 at the Stanford Linear Accelerator Center and that is
capable of accelerating electron and positrons up to more than 50 GeV, with
an average gradient in the RF structure of ~ 17 MeV/m.

*R&D on higher frequency RF structures is
demonstrating gradients larger than 100 MeV/m.

 In the International Linear Collider (ILC)
project, electron and positron linacs longer than
30 Km and with energies over 500 GeV are |
under consideration.

* At the same time, much smaller linacs from few MeV to few hundred MeV are
the “backbone” of the injector in most existing electron accelerators?
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Changing the Linear Accelerators

Particle Energy

jt Sammteziz vs. Circular Accelerators

* RF cavity technology allowed the development of both linear and
circular accelerators.

 The main advantage of circular accelerators is that a single cavity,
where the beam passes many times guided by the confinement action
of magnetic fields, is capable of very high energy acceleration. This is
a very efficient scheme where only a relatively small amount of RF
power Is required.

e Unfortunately, for light particles the emission of synchrotron radiation
can limit the maximum energy achievable (~ 100 GeV for electrons).

* In general, circular accelerators are more efficient with heavy
particles and medium energy electrons, while linear accelerators are
preferred with high energy electrons.

 Efficiency is not all. For example, circular machines usually show
more stable beam characteristics while the beam emittance can be
(maintained) smaller in linear accelerators. Different applications can

find their best match in either one or the other schemes. -
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Changing the Cyclotron and

Particle Energy

F. Sannibale
Synchro-cyclotron
HES Uniform
E Magnetic
§ Field
' Electric
________ 1 | Field
N:.ES
SN : . The first cyclotron E. O. Lawrence
Proton Source rocalerated” 1 45" diameter (1929). 1939 Nobel Prize
Protons
In an uniform magnetic field: ____— For non-relativistic particles
T - 2énr_2np _2nnv or v<<e the revolution period
Ry veB  veB does not depend on energy

e If the RF frequency is equal to the particles revolution frequency synchronicity is
obtained and acceleration is achieved.

 The synchro-cyclotron is a variation that allows acceleration also of relativistic
particles. The RF frequency is dynamically changed to match
the changing revolution frequency of the particle

* In 1946 Lawrence built in Berkeley the 184" synchro-cyclotron with an orbit radius
of 2.337 m and capable of 350 MeV protons. The largest cyclotron still in operation is
in Gatchina and accelerates protons to up 1 GeV for nuclear physics experiménts.
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Changing the

Particle Energy M | C rO t r O n S

F. Sannibale

MaX LAE 100 MsV RACE-TRACK MICROTROM

magnet > |
= | e
magnetic
shield I
Veksler A7 ?
e 111 |
1944 I =
Electron
RF source Moroz and Roberts 1958

cavity

Synchronicity condition ‘ Ay=n n is an integer
(energy gain per turn) 0.511 MeV for electrons

938 MeV for protons

Useful only for accelerating electrons.

The maximum energy is~ 30 MeV (limited by the magnet size)
28
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Changing the Synchrotrons &

Particle Energy

F. Sannibale Sto rag e RI N g S
Achieving higher energies in cyclotrons _.'L g1y IHEH]GER,  Quaduscl
requires very large magnets. 5 S ’
Above ~ 400 MeV the realization of cyclotrons == i Re
becomes inconvenient and expensive ";"-ngﬁﬁghsn;}iﬁﬂf@'?'“ e
« In a synchrotron the radius is fixed and all the = & " --j;h?ipmet
fields can be confined only around the orbit. =~~~ ™= & i
- T
R:M:constant = B must scale O to By i
 The synchronicity condition is given by:
for non - relativistic beam f
f.=hf =h_—2%8_ _ | v
2rm, y must change during accel eration

« Synchrotrons have achieved energy as high as
100 GeV for electrons and 1000 GeV for protons

e A storage ring is a synchrotron were the particles are not accelerated
but just stored at a fixed energy for a relatively long time.
Colliders, synchrotron light sources, ... 29
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Changing the

Particle Energy RF Sources: The Klystron

F. Sannibale

Collector for
spent beam

Flower-petal mode converter

Collector from TE j5 rectangular wavequide

ion pump _ to TEg circular waveguide
\_,_. . it _.
H g m/  Invented by Hansen
o and the Varian brothers
""" in 1937
RF output |
copler || &% | * Very powerful source
. " . from ~ 100 MHz to more
LJm o= |  LELE |
o3| ] e than 10 GHz
E;UEE:'* ,l:’} Interaction cavities &

focusing structures

1 Electron gun

Cathode & heater

- T High voltage
: ceramic insulator

* Widely used in all kinds of accelerators
30
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Changing the R&D on Future

Particle Energy

F. sannibale Accelerator Schemes

« The R&D on new acceleration techniques is extremely active and addressed
towards a very large variety of new accelerating techniques. Results are
promising especially from the accelerating gradient point of view were extremely
high values have been already obtained.

« Among the techniques under study,
here we want to mention as an
example, the one based on the so-
called laser wakefield acceleration.

* A high intensity laser is focused on an
atomic gas jet.
‘bunch *The laser ionizes most of the atoms
: creating a plasma and also stimulating a
resonant motion of the electrons in the
plasma.

* This electron motion breaks the charge balance inside the very dense plasma
iInducing extremely high gradients in the plasma area surrounding the laser.
*Electrons in the plasma can find the right phase and can be accelerated to high
energies. Gradients of many tens of GeV/m in few mm have been already

demonstrated. 31
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The Cyclotron:

Changing the
Different Points of View

Particle Energy

F. Sannibale
The Cyelotron, as seen by... - |
; r"li"“ e :..T.' % s 2 i f-li.'rl, I_t‘, = P TARTTET. GoNes Flie
” g B L &.. el s l_‘i”} iy 1 II‘?"‘I -l 'a" i’ L0 prarTs okl
i T 'E;!.‘ ) r"‘i'
|l _:_r,_r . : : 4 - ...ﬁl.‘-"- . MI E (]

.. the electrical engineer ; T —
. . . the bealth physicist

' From LBNL Image Library
Collection

T By Dave Judd and Ronn MacKenzie

.. the student

. the governmental funding agency

- bhe by ditrocor
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Changing the

Particle Energy Possible Homework

F. Sannibale

*Prove that the magnetic field cannot do work

*Explain how the cascade generator in the Cockcroft-Walton
schemes works

*Explain why the electric field inside the Van de Graaff sphere
IS zero

Show that for free space electromagnetic waves E and B vectors are mutually
orthogonal and have no component in the wave propagation direction.
Show also the relation between their modules.

«Calculate the maximum energy gain in MeV vs. input power in MW for a 3.048
m long constant gradient accelerating structure with shunt impedance for unit
length r,= 53 MQ/m and attenuation factor r= 0.57. Calculate also the power
required for accelerating relativistic electrons to 60 MeV

» Derive the expression for the transit time factor for a pillbox resonating in its
TM,,, mode

e Calculate the internal diameter of the external pipe of a 200 MHz Alvarez
structure operating in the TM010 mode. 33
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Changing the
Particle Energy

F. Sannibale

OfoxF)=0 OF Ox(O0xF)=0(00F)-0%F OF

DX(DU):O LU or DXIEZO = ﬁ:DU

(F is conservative if curl F is zero)

Volume Integral

L F O dS= J;/ OF dV Divergence Theorem

Surface Integral (Flux)

— — \ —
{i F [dl = L (I:l X F )|]T dS Curl Theorem (Stoke's Theorem)

™~

Line Integral (Circuitation) 34
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Changing the From Maxwell Equations

Particle Energy

F. Sannibale

to Wave Equation

V-E=0 .
vKEZ—QB
V-B=0

s,
VxB= PE'EIEDQE

. = B = () is a solution, but there might be other solutions as well. Let us employ a useful identity from vector calculus.
2
Vx(VxA)=V(V-A)-V°A

Where A can be any vector function. Taking the curl of the curl equations and applying the identity, we get the following.

q 7
V°E = ﬂDEDEE
f, G
V°B = IL!.DEDEB
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